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The thermal transport mechanisms in both liquids and amorphous solids remain unclear due to the lack of
successful theories. Several models have been proposed to explain the thermal conductivity, for example, the
Bridgman’s model for liquids with simple molecules, the minimum thermal conductivity model for amorphous
solids, and the thermal resistance network model for polymers. In this paper, we propose a unified theory
to calculate the thermal conductivity of liquids, organic and inorganic amorphous solids simultaneously. The
atomic/molecular arrangement of liquids and amorphous solids is considered by including the coordination
number of touching neighbours. The theoretical calculations are in excellent agreement with the experimental
data without using any fitting parameters. The chemical structure effect on thermal conductivity can be included
in our model. All above three existing models are proved to be special cases of our theory. We find that the
unification of thermal transport in liquids and amorphous solids originates from the similar atomic/molecular
structures which possess short-range order but no long-range order.
I. INTRODUCTION
The thermal conductivity of substance is a fundamental
physical property which has been widely studied for a long
time. The thermal conductivity of gases has been derived from
the kinetic theory of gases (KTG) [1]:
κgas = ηCv, (1)
where  is a pure number, η is the viscosity, and Cv is the heat
capacity at constant volume. In an analogy way, the thermal
conductivity of non-metallic crystalline substances is written
as [2–4]:
κcrystal =
1
3
Cv¯sΛ, (2)
where C is the phonon heat capacity, v¯s is the average sound
velocity, and Λ is the mean free path (MFP). Phonons which
are the quasiparticles of collective excitation of lattice vibra-
tions [4] are the heat carriers.
In contrast to gases and crystals, there is very few success-
ful theories of thermal transport in liquids and amorphous
solids. Eq. (1) is not applicable in liquids because of the
disconnection between thermal conductivity and viscosity [5]
although both gases and liquids are fluids. In 1923, Bridg-
man [6] proposed an empirical model to calculate the thermal
conductivity of liquids:
κliquid = 3kBvsn
2
3
mole. (3)
where nmole = (ρ/mmole) is the number density of
molecules, ρ is the mass density and mmole (Mmole =
mmoleNA) is the mass (molar mass) of molecules. kB is the
Boltzmann constant, vs is the sound velocity, and NA is the
Avogadro constant. 3kB is the heat capacity per molecule. In
Eq. (3), Bridgman assumed that the neighbouring molecules
form a simple cubic lattice. This model works well for sim-
ple liquids (such as methanol, carbon tetrachloride, chloro-
form, and water) and breaks down for liquids with compli-
cated polyatomic molecules (such as liquid alkane). Later, a
similar expression was also obtained by Eyring et al. [7] from
another approch. Another rough estimation of κliquid is sim-
ply combining Eq. (1) and Eq. (2) together [8].
The thermal conductivity of amorphous solids (κamor)
is even mysterious because of the absence of well-defined
phonons due to the lack of periodic lattice. In 1949, Kit-
tel [9] extended Eq. (2) to calculate κamor by assuming a
nearlly constant MFP (Λ0) which is close to the size of unit
cell. However, we must pointed out that Kittel’s attempt is not
successful especially in amorphous polymers. Because Λ0 in
polymers should be less than 1A˚ if Eq. (2) works [10]. This
value is much shorter than the bond length of molecules. In
1989, Cahill and Pohl proposed a minimum thermal conduc-
tivity (MTC) model [11–13] based on the Einstein’s model.
In Einstein’s original paper [14], a random walk of energy
between neighbouring uncoupled oscillators with 26 atomic
neighbours were considered. Cahill and Pohl modified Ein-
stein’s model by considering a cluster of atoms as vibrational
entity where the size of cluster is one half of the phonon wave-
length. At high temperature limit, the MTC model gives
κamor = 1.2kBv¯sn
2
3
atom, (4)
where all vibrational modes are thermally excited. natom =
(ρ/matom) is the number density of atoms. matom (Matom =
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2matomNA) is the average mass (molar mass) of atoms. v¯s =
1
3 (vsl + 2vst) where vsl and vst are longitudinal and trans-
verse sound velocities, respectively. Eq. (4) works well for
many inorganic solids such as vitreous silica, whose atomic
structure can be described by the continuous random network
(CRN) model [15]. However, Eq. (4) significantly overesti-
mates of thermal conductivity of amorphous solids such as se-
lenium (Se8) which is a typical molecular solid. Such molec-
ular solids should not be described by the CRN model.
It is interesting to see that Eq. (3) of liquids and Eq. (4)
of amorphous solids are very similar because they are propor-
tional to n2/3mole and n
2/3
atom, respectively, and the sound velic-
ity. If such similarity is not an coincident, what is the con-
nection between them? If we rewrite Eq. (3) and Eq. (4) to
be κliquid ∝ Cvsn−
1
3
mole and κamor ∝ Cv¯sn
− 13
atom, respectively,
where kBnmole ∼ C and kBnatom ∼ C at high temperature.
Comparing them to Eq. (2), the only difference is the dimen-
sionless prefactor: 3 in Eq. (3) and 1.2 in Eq. (4), when the
MFP is chosen to be on the same order of magnitude of n−
1
3
mole
and n−
1
3
atom. The key problems are what is the origin of the
frefacors and how to calculate them.
Very recently, a thermal resistance network (TRN) model
was proposed to calculate the thermal conductivity of poly-
mers (κpolymer) whose structures can be described by the ran-
dom coil model [16]:
κpolymer = (nmoleL)
1
2
1
Rinter
, (5)
where Rinter is the thermal resistance across contact points
between molecules, i. e. the inter-chain resistance. L is the
length of molecules, nmoleL = ρL/mmole = ρlunit/munit.
lunit and munit are the length and mass of repeating unit, re-
spectively. This formula shows excellent agreement with the
experimental measured values of thermal conductivity in both
polymer solids and polymer melts. The widely used empirical
temperature-dependence and pressure-dependence of thermal
conductivity of polymers have also been successfuly repro-
duced from Eq. (5).
Comparing Eq. (5) to Eqs. (3) and (4), we find that the
number density dependence of thermal conductivity in poly-
mers n1/2mole is different from that in Eqs. (3) and (4) and the
sound velocity dependence vanishes. We further notice that
the value of (Ln
−1/3
mole )
1/2
Rinter
seems to be of the same order of
magnitude of kBvs. Because L and n
−1/3
mole are typically a
few Angstroms, Rinter is between 0.65-1.6 ×1010 K/W due
to fitting results [16]. Therefore, (Ln
−1/3
mole )
1/2
Rinter
∼ 10−20 Wm/K
is very close to the value of kBvs with vs ∼ 103 m/s and
kB = 1.38× 10−23 J/K.
Based on above analysis, there seems to be some univer-
sality among Eqs. (2)-(5). Actually, Kittel [9] has pointed
out that their formula should be applicable for both liquids
and solids. However, no justification has been made. In this
paper, we are inspired to search for the possible universal for-
mula of thermal conductivity of liquids and amorphous solids.
The microscopic structures of substances should be consid-
ered. More important, this formula must be compatible with
Eqs. (2)-(5).
II. MODEL
We adopt the spirit of the Einstein’s model [14] by consider-
ing the thermal transport process to be a random walk of heat
which is carried by the coupling of vibrational modes [17].
The Einstein’s model considered the random walk between a
atom and its neighbours. The difference between our model
and the Einstein’s model is: we hypothesize that molecules
or clusters of atoms should be considered as individual enti-
ties in which the atomic arrangements are ordered or nearly
ordered. Then the random walk through the network fromed
by these entities and the thermal transport inside entities deter-
mine the overall thermal conductivity simultaneously. Our hy-
pothesis is based on the fact that both liquids and amorphous
solids possess short-range order but no long-range order [18].
The sizes of entities are usually several Angstroms to several
nanometers according to the X-ray diffraction measurements
in both liquids and amorphous solids [18]. Such sizes of en-
tities are too small to define the local temperature distribu-
tion inside it, we assume that the thermal equilibrium inside
each entity is too fast to affect the overall thermal resistance
above room temperature. We further assume that the thermal
transport between neighbouring entities are determined by the
contact atoms, which can be regarded as uncoupled oscilla-
tors, via van der Waals interaction etc. This assumption also
comes from the Einstein’s model [14].
In the terminology of network science, we propose that the
thermal conductivity depends on the degree of network where
entities are nodes. The contact between entities can be re-
garded as links among nodes. Then we write the universal
formula of thermal conductivity as:
κ =
(
Z
3Ξ
n˜
) 1
3
h, (6)
where Z is the degree of network which means the average
coordination number of neighbours. 3 is the space dimension-
ality, Ξ is the number of entities which share one link, and n˜ is
the number density of entity/nodes. h is the heat transfer ca-
pability of each link. It means the average energy flow across
links per unit time per temperature drop with unit JK−1s−1.
It can be written as h = 1γ
Cpervs
δ where γ is the possibility
of inter-molecular heat transfer, Cper is the per particle heat
capacity whose high-temperature limit is DvkB with Dv the
average vibrational degree of freedom of particle. The value
of Dv should be 2 to 3. δ is the distance between the neigh-
bouring atoms or touching functional group (such as -CH3) at
contact points, or the length of link.
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FIG. 1. (Color online) Schematic diagrams of thermal transport in
four different types of networks with different entities/nodes: (a) liq-
uids or solids with nearly-spherical small molecules, (b) liquids or
solids with non-spherical small molecules, (c) inorganic amorphous
solids with atomic clusters, (d) polymers with macromolecules. The
entities of atomic clusters and polymers are marked by blue circles
and purple ellipses in (c) and (d), respectively. ξ is the average length
of the polymer segments between two contact points. Typical heat
trajectories through networks are also shown by red arrows as exam-
ples.
III. RESULTS AND DISCUSSIONS
In this section, we will study the thermal conductivity of
liquids and amorphous solids with different entities and differ-
ent network structures. Substances are categorized into three
types according to the property of entities, instead of the mat-
ter state. Figure 1 shows different types of networks with dif-
ferent entities and typical random walk trajectories. In liq-
uids and amorphous solids made of small molecules, such as
alkane and paraffin, the entities are individual molecules as
shown in Figs. 1 (a) and 1 (b). In inorganic amorphous solids
with covalent bonded atoms such as vitreous silica, the vibra-
tional entity is a cluster of atoms as shown in Fig. 1 (c). In
polymers made of macromolecules, the molecular chains are
too large to be considered as one entity. We thus divide them
into a series of segments between adjacent contact points as
shown in Fig. 1 (d). The average segment length is noted as
ξ. The fast thermal equilibrium inside individual small entity
is indubitable for all cases above room temperature. Thus the
thermal transport can be described as a random walk from one
entity to its touching neighbours. At low temperature, these
two processes should be considered simultaneously. In this
paper, only high temperature cases are considered and the low
temperature cases will be considered in our future works.
a La
FIG. 2. (Color online) Random close packing of (a) spherical
molecules and (b) capsule-like molecules which consists of a cylin-
der and two hemispherical ends. The diameter of sphere and the di-
ameter of cylinder are noted as a. The length of capsule is L. Touch-
ing neighbours (in orange) of a certain molecule marked in green are
shown.
A. Individual small molecules as entities: molecular liquids and
amorphous molecular solids
In liquids and amorphous solids made of small molecules,
the entities characterizing for thermal conduction are individ-
ual molecules, whose arrangement can be described by rela-
tively close packing with voids in liquids and close packing in
solid.
Molecular Liquids
The KTG failed to explain the thermal transport in liquids
because the molecules are neither localized around fixed equi-
librium positions permanently like solids nor move freely like
gases. Tranchenko and Brazhkin [19] have proved that the
thermodynamical properties of simple liquids are determined
by the vibrational contributions as in solids of all range of liq-
uid relaxation times [20, 21]. In other words, the characteristic
time of thermal transport is shorter than the duration between
two events of jump of certain atom accompanied by large
scale rearrangement of its surrounding atoms. The surround-
ing atoms can be seen as temporary touching neighbours. We
evaluated the coordination number of touching neighbours for
several typical liquids by the Monte Carlo simulation. The
simulation results are listed in Table. I and the simulation de-
tails are given in the Appendix. Using the simulated Z, we
further calculated the thermal conductivities by Eq. (6) with
n˜ = ρ/mmole, Ξ = 2, and γ = 1, namely,
κ =
(
Z
6
ρ
mmole
) 1
3 DvkBvs
δ
, for liquids. (7)
δ = a should be used for most molecules, where a is the Van
der Waals diameter of molecule. The only exception is ben-
zene because of its ring structure. We find δ = a/2 should
be used for benzene. The calculated thermal conductivities
using parameters in Table. I are shown in Fig. 3 and Fig. 4
4in comparison with the experimentally measured data. The
thermal conductivity of various liquids, whose aspect ratio is
L/a < 2, including benzene, acetic acid, acetone, carbon
disulfide, butyl alcohol, butyric acid, glycerol, N-propanal,
and isopropanol are given in Fig. 3. The calculated values are
in excellent agreement with the measured values by choos-
ing Dv to be 2∼3 for nearly spherical molecules (L/a ∼ 1)
and Dv = 2 for non-spherical molecules (L/a > 1). For
alkanes whose aspect ratio is L/a > 2, we find that the cal-
culated thermal conductivities perfectly match the measured
values by choosing Dv = 2 as shown in Fig. 4. The reduc-
tion of Dv for liquids with long molecules originates from the
higher possibility of jumping along the longitudinal axis of
molecules while it is hard to jump along the transverse axis.
This feature can be understood as an analogy of reptation of
molecules which was first proposed by de Gennes in polymers
[22].
We now revisit the Bridgman’s model. In Bridgman’s orig-
inal paper, he considered six nearest neighbours forming a
simple lattice structure. Adopting this structure, it is easy
to reproduce Bridgman’s formula (Eq. (3)) from Eq. (7)
by taking Z = 6, γ = 1, Dv = 3, n˜ = nmole, and
δ = n
− 13
mole. We point out that the Bridgman’s formula is ap-
plicable only when the molecules are nearly-spherical. For
nearly-spherical molecules (such as methanol, carbon tetra-
chloride, chloroform, and water), the calculated values of Z
are between 4.4∼5.3 as shown in Table. I. This results in
0.90<
(
Z
6
) 1
3 <0.96. We further compare a with n−
1
3
mole by
taking methanol and carbon tetrachloride as examples. We
find that the values n−
1
3
mole = 4.07A˚ for methanol and 5.43A˚
for carbon tetrachloride are very close to their diameters 4.2A˚
and 5.6A˚, respectively. Therefore, a ≈ n− 13mole is valid in liq-
uids with nearly spherical molecules. However, Bridgman’s
formula breaks down for polyatomic molecules which are
non-spherical. We find the reasons are the enhancement of
Z with increasing L and the significant difference between a
and n−
1
3
mole. For example, n
− 13
mole = 7.88A˚ for C16H34 is much
larger than its diameter 4A˚.
We further compare the thermal conductivity between iso-
mers by taking N-propanal and isopropanol as an example.
They have exactly the same chemical composition, C3H7OH.
The measured thermal conductivities of N-propanal and iso-
propanol are 0.155 Wm−1K−1 and 0.137 Wm−1K−1, respec-
tively. Their relative difference is 13%. The calculated results
from our model are 0.150 Wm−1K−1 and 0.131 Wm−1K−1
by choosing Dv = 2. The relative difference from our calcu-
lation is also 13% which is in excellent agreement with exper-
iment. The main difference comes from the decrease of the
value of Z as shown in Table. I. In contrast, the Bridgman’s
formula gives larger values of 0.203 Wm−1K−1 and 0.192
Wm−1K−1. The relative difference is only 5.7%. Therefore,
our model captures the underlying physics of the chemical
structural effect on thermal transport in liquids.
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FIG. 3. (Color online) Calculated thermal conductivity of thirteen
different liquids at 300 K vs the measured values. Dv is chosen
to be 2∼ 3 for nearly spherical molecules (methanol, carbon tetra-
chloride, benzen, chloroform, and water) and Dv = 2 for non-
spherical molecules. The measured thermal conductivities are taken
from Refs. [6, 23].
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FIG. 4. (Color online) Calculated thermal conductivity of alkane liq-
uids and molecular solids at 300 K vs the measured values. Dv=2 is
used in calculations. The calculated values of Z are listed in Tables.
I and II. We choose 5 < Z < 7 for Se8 and As2S3. The measured
thermal conductivities are taken from Refs. [12, 23].
Molecular solids
The thermal conductivity of amorphous solids composed of
small molecules are considered in a similar way as liquids. In
contrast to liquids, the molecules in solids vibrate around per-
manent equilibrium positions and the neighbouring molecules
are fixed. Molecules cannot be rearranged. Then the thermal
conductivity is similar to Eq. (7):
κ =
(
Z
6
ρ
mmole
) 1
3 DvkB v¯s
a
, for molecular solids. (8)
5TABLE I. Mass density, length of molecule, diameter of molecule,
molar mass, and sound velocity of typical liquids used in the cacula-
tions [28, 29]. Z is calculated by Monte Carlo simulation except for
water which is taken from Ref. [30].
Liquids ρ L a Mmole vs Z
(g/cm3) (A˚) (A˚) (g/mol) (m/s)
Methanol (CH3OH) 0.787 - 4.2 32.04 1076 4.59
Carbon tetrachloride (CCl4) 1.594 - 5.6 153.8 926 4.59
Benzene (C6H6) 0.876 - 5.3 78.11 1321 4.45
Chloroform (CHCl3) 1.479 - 5.1 119.37 979 4.40
Water (H2O) 0.998 - 2.8 18.015 1482 4.7,5.3
Acetic acid (CH3COOH) 1.045 4.99 4.0 60.05 1150 4.03
Acetone (CH3COCH3) 0.784 6.54 4.0 58.08 1190 4.84
Carbon disulfide (CS2) 1.263 4.94 4.0 76.15 1158 3.26
Butyl alcohol (C4H10O) 0.810 7.26 4.0 74.12 1222 4.62
Butyric acid (C4H8O2) 0.959 7.26 4.0 88.11 1380 4.63
Glycerol (C3H8O3) 1.261 6.71 4.0 92.09 1920 5.13
N-propanol (C3H7OH) 0.805 5.99 4.0 60.1 1220 4.20
isopropanol (C3H7OH) 0.785 5.27 4.0 60.1 1170 3.27
C6H14 0.659 10.35 4.0 86.18 1113 5.85
C7H16 0.680 11.62 4.0 100.2 1131 6.33
C8H18 0.699 12.89 4.0 114.23 1213 6.78
C9H20 0.718 14.16 4.0 128.25 1226 7.33
C10H22 0.726 15.43 4.0 142.28 1252 7.75
C12H26 0.750 17.97 4.0 170.33 1279 8.74
C13H28 0.756 19.24 4.0 184.36 1278 9.19
C14H30 0.763 20.51 4.0 198.39 1294 9.68
C15H32 0.768 21.78 4.0 212.41 1307 10.16
C16H34 0.770 23.05 4.0 226.44 1338 10.54
The only difference is replacing vs by v¯s because there are
additional two transverse modes in solids. We study paraf-
fin, octaselenium (Se8), and As2S3 as examples where their
parameters are given in Table. II. Paraffin is long molecule
whose Z is calculated to be 11.43. The molecular structures
of Se8, which is disk-like, and As2S3 are too irregular to cal-
culate their value of Z by using our simple Monte Carlo sim-
ulations. Therefore, we show the results for 5 < Z < 7
which is a typical range due to random close packing model
[18]. Fig. 4 shows that the calculated thermal conductivities
in comparison with experimental data when Dv = 2. The
calculated thermal conductvity of Se8 (As2S3) is 0.152-0.170
(0.257-0.296) Wm−1K−1 which is close to the experimental
data 0.140 Wm−1K−1 (0.246 Wm−1K−1). As a comparison,
the MTC model in Eq. (4) gives an overestimated value of
0.230 Wm−1K−1 (0.345Wm−1K−1). Therefore, we pointed
out that the MTC model is not able to calculate the thermal
conductivity of paraffin and our model successfully gives the
correct value.
B. Atomic clusters as entities: amorphous solids with bonded
atoms
In amorphous solids such as Si, Ge, CdGeAs2, and SiO2
in which atoms are bonded, the selection of entities is not as
apparent as the situations in Sections II.A. We point out that
atomic clusters with local order should be chosen as entities.
TABLE II. Mass density, molar mass of molecule, diameter of atom,
and sound velocity of three molecular amorphous solids used in the
calculations [12]. CalculatedZ of paraffin is shown. The values of Z
of Se8 and As2S3 are unknown because of their irregular structures.
Molecular ρ Mmole a vsl vst Z
solids (g/cm3) (g/mol) (A˚) (m/s) (m/s)
Paraffin (C18H38) 0.777 4.0 254.5 1400 - 11.43
Se8 4.30 631.7 3.80 2060 1060 -
As2S3 3.20 246.05 3.60∼3.70 2650 1440 -
TABLE III. Mass density, average molar mass of atom, bond length,
diameter of cluster, and sound velocity of four amorphous covalent
solids used in the calculations [12].
Covalent ρ Matom b ζ vsl vst
solids (g/cm3) (g/mol) (A˚) (m/s) (m/s)
Si 2.33 28.09 2.33 4b 7360 4370
Ge 5.32 72.64 2.41 4b 4350 2630
SiO2 2.21 20.03 1.63 7A˚ 5980 3740
CdGeAs2 5.72 83.72 2.50 4b 3030 1860
The thermal equilibrium inside clusters is much faster than the
thermal transport between neighbouring clusters. Such local
order have been experimentally observed through radial dis-
tribution function (RDF) by X-ray diffraction. Staring from
the fact that RDF shows clear peaks when the distance from a
center atom is smaller than 2b, we assume that average charac-
teristic size of entity is approximately 4b, where b is the length
of the covalent bond. This is consistent with the measured
size of crystalline domain, for example, 7 A˚ for amorphous
silica [24]. Alexander [25] has pointed out the existence of
the negative internal stress regions whose correlation length
is 3 − 10b. The lattice dynamics of such materials is still
unknown. We assume the amorphous solids are formed by
random close packing of spherical clusters, whose volume is
Vcl =
4pi
3 (
ζ
2 )
3 where ζ is the diameter of cluster. According to
the theory of random close packing, the average coordination
number Z = 6.91 [18] and the filling factor Vcln˜ = 0.637
[15]. Therefore, the thermal conductivity can be evaluated by
choosing Ξ = 2 and γ = 1
κ =
(
6.91
6
0.637
Vcl
) 1
3 DvkB v¯s
b
, for covalent soilds. (9)
If we rewritte the mass density of solid as NclVclmatom = ρ
whereNcl is the number of atoms in each cluster. The numeri-
cal simulations showed thatNcl = 14.2+1 [26] which means
1 atom with 14.2 neigbouring atoms. One can easily repro-
duce the MTC model in Eq. (4) as κ ≈ 0.474DvkB v¯sn
2
3
atom
by choosing Dv ≈ 5/2. We calculated the thermal conductiv-
ities of amorphous Si, Ge, CdGeAs2, and SiO2 with the pa-
rameters given in Table. III. The calculated values are in good
agreement with the measured ones as shown in Fig. 5 when
Dv is chosen to be 5/2.
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FIG. 5. (Color online) Calculated thermal conductivity of inorganic
amorphous solids at 300 K vs the measured values. Dv = 52 . The
measured thermal conductivities are taken from Ref. [12].
C. Macromolecular chain segments as entities: polymer solids
and polymer liquids
Polymers solids and polymer liquids consist of macro-
molecules with extremely long length, i. e. L  a. There-
fore, it is not reasonable to consider an entire macromolecule
as one entity. It has been pointed out that there are three pro-
cesses when a heat current flow through polymers [16, 27]:
inter-chain heat transfer and intra-chain heat transfer at con-
tact points and thermal transport inside each segment between
two adjacent contact points as shown in Fig. 1(d). It is ob-
vious that thermal equilibrium of each entity is faster than
inter-chain heat transfer because of the large intrinsic ther-
mal conductivity of a single molecular chain [31, 32]. There-
fore, n˜ = Lξ nmole, Ξ = 4 and Z = 6 as shown in Fig.
1(d). Zhou et al. [16] have evaluated that ξ = 4
√
munit
lunitρ
where munit and lunit are the mass and length of repeating
units, respectively. Moreover, in isotropic polymers, 1h =
(1− γ)Rintra + γRinter ≈ Rinter2 because γ ≈ (1− γ) ≈ 1/2
where Rintra is the intra-chain thermal resistance which is
negligible compared to Rinter [16]. Therefore, the average
value of h can be obtained as 2Cper v¯sδ . Eq. (6) is then reduced
to
κ =
(
lunitρ
munit
)1/2
DvkB v¯s
δ
, for polymers. (10)
It is easy to reproduce Eq. (5) by using lunitρmunit =
Lρ
Mmole
=
Lnmole. The value of δ is determined by the size of func-
tional groups, noted as a′, such as -CH3, -F, -OH, =CO etc.
Figure 6 shows the calculated thermal conductivity of several
typical polymers in comparison with the experimentally mea-
sured data, where Dv = 2 and other parameters are listed in
Table. III.
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FIG. 6. (Color online) Calculated thermal conductivity of six poly-
mers at 300 K vs the measured values when Dv = 2. The experi-
mental data are taken from Ref. [33].
TABLE IV. Mass density, length and molar mass of repeating
unit, size of functional froups, and sound velocity of six polymers:
polypropylene (PP), Nylon 6, poly(ether ether ketone) (PEEK),
Nylon-12, polystryrene (PS), and polytetrafluoroethylene (PTFE)
[16, 29].
Polymers ρ lunit munit ×NA a′ vsl vst
(g/cm3) (A˚) (g/mol) (A˚) (m/s) (m/s)
PP 0.85 2.17 42.1 4.0-7.1 3420 1750
Nylon 6 0.65 8.6 113.2 4.0-5.6 3470 1610
PEEK 1.26 10 288.3 3.0-5.4 3000 1500
Nylon 12 1.02 16 198 4.0-5.6 3380 1630
PS 1.05 3.32 104 4.0-8.4 2870 1480
PTFE 2.0 1.3 50.01 2.8-4.0 1350 550
D. Discussions
We summarize the selection of entities for different type of
liquids and amorphous solids in Table. V. The parameters Ξ,
γ, Dv , δ are also presented according to the results showed in
above three subsections. We point out that the number den-
sity of entity is the key parameter in determing the thermal
conductivity, as Eq. (6) indicated. When the entity is the en-
tire small molecule, n˜ can be replace by nmole. When the
molecules are large in polymers, n˜ should be much larger
than nmole by choosing chain segments as entities which con-
tain tens of atoms. Similarly, n˜ should be the number density
of atomic clusters which contains tens of atoms in covalent
solids.
Cper is the per particle heat capacity whose high temper-
ature limit is DvkB. Its value is related with the vibrational
degree of freedom of atoms or functional groups. We find
that our model is in excellent agreement with the experimen-
tal data when 2 ≤ Dv ≤ 3 for all substances. We further
find that Dv is reduced to 2 when the shape of molecules is
capsule-like or disk-like. This is probably due to the shape
effect on the liquid relxation process. In covalent solids, the
7TABLE V. Selections of entities and corresponding parameters for
different type of materials.
Material type Selection of entity n˜ Typical size of entity Ξ γ Dv δ
Molecular liquids and solids small nearly-spherical molecules = nmole a× a× a 2 1 2∼3 = a ≈ n−1/3mole
Molecular liquids and solids small capsule-like molecules = nmole L× a× a 2 1 2 ≈ a < n−1/3mole
Molecular liquids and solids small disk-like molecules = nmole L× L× a 2 1 2 ≈ a < n−1/3mole
Covalent solids atomic clusters  natom ζ × ζ × ζ 2 1 5/2 ≈ b < n−1/3atom
Polymer liquids and solids chain segments  nmole ξ × a× a 4 1/2 2 = a′  n−1/3mole
value of Dv is found to be 5/2. We are not sure the origin
of this value. Possible explanation is the strongly distorted
atomic structure at the edge of entity where the internal stress
shifts from negative value to positive one [25].
Another major difference of our model from Bridgman’s
model and MTC model is the intermolecular/interatomic sep-
aration δ. Bridgman’s model used n−1/3mole to be the inter-
molecular separation. This is true only for simple liquids
with spherical-like molecules because a ≈ n−1/3mole . When the
molecule is non-spherical, for example, Se8 is disk-like and
acetone is capsule-like, the intermolecular separation must not
be the distance between the centers of adjacent molecules.
The distance through which the energy transfers should be
the separation between contact atoms or functional groups.
Therefore, the value of δ is approximately a which is ob-
viously smaller than n−1/3mole . It is much smaller than n
−1/3
mole .
In covalent solids, it is convenient to chose δ to be the bond
length which is smaller than n−1/3atom . When the molecule is
extremely long in polymer, δ is the average value of the size
of atoms or functional groups which are attached to the back-
bone, a′.
IV. CONCLUSIONS
We proposed a unified thermal conductivity model for liq-
uids and amorphous solids, as they share the similarity of short
range order structure. With properly defined entities, thermal
conductivity is dominated by the thermal resistance between
neighbouring entities as the thermal equilibrium is fast within
the entity. The validity of our model has been proved by the
good agreement with experiment measurements and the con-
sistence with the existed well-accepted empirical/theoretical
models. The chamical structure effect on thermal transport is
taken into account in our model.
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APPENDIX
In order to evaluate the coordination number of fluid
molecules, the molecules are simplified into either spheres or
cylinders with hemisphere at two ends, see Fig. 2. The po-
sitions of fluid molecules are random, thus we adopted the
Monte Carlo method to generate an equivalent fluid structure.
We first evaluate the number NMC of particles to be generate
in a given box, NMC = (L3 × ρ)/m0, where ρ is the den-
sity of fluids, m0 is the molecular weight of fluid particles,
and L is the size of the simulation box. In our simulation,
L = 1000nm. Then the position of particles is randomly gen-
erated and recorded. Once a new particle is generated, the
distance between it and the previous generated particles in the
box will be calculated. If the distance is smaller than the van
der Waals diameter given in Table. I, it will be recorded as a
contact point. After all particles has been generated, the total
contact number Ncontact is obtained. The average coordination
number is then evaluated from Z = 2×Ncontact/NMC.
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